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ABSTRACT When the human cDNA, isolated on the basis
of homology to the murine carbonic anhydrase (CA) "Y" was
expressed in COS cells, the human CA was targeted to and
processed in mitochondria, as expected for CA-V. However,
tissue distribution reported for the corresponding mouse CA Y
mRNA was much more limited than that reported for the
distribution of CA-V humunotaing in rat tissues. To deter-
mine whether the murine cDNA actually encodes a mitochon-
drial CA activity and to compare the tissue distribution of the
homologous murine and rat gene products, we used reverse
transcription-PCR to reisolate the murine CA-V candidate
cDNA and used the murine cDNA probe to Isolate the homol-
ogous rat cDNA. We compared the two cDNA sequences, the
activities they expressed after trasfection ofCOS cells, and the
sites of N-terminal processing of expressed products. In addi-
tion, we used antibodies to the C-terminal peptides predicted
from each cDNA to compare distribution ofCA-V in mouse and
rat tissues and to identifyCA-Vs in mitochondria isolated from
mouse and rat liver. From these studies, we conclude that both
mouse and rat CA-Van te cDNAs encode active CAs that
are targeted to and processed in mitochondria and that there
are real differences in tissue distribution of CA-V between
mouse and rat. However, the findings that the Mr of CA-V in
rat tissues is smaller than that previously reported and that the
tissue distribution also differs lead us to conclude that the
antibody used in prior reports most likely misidentified another
antigen in rat tissues as CA-V.

The carbonic anhydrase (CA) gene family in mammals en-
codes seven isozymes (CA-I-CA-VII), which differ in phys-
icochemical and enzymatic properties. Some isozymes also
differ in subcellular location, being cytosolic (CA-I, -II, -III,
and -VII), membrane-associated (CA-IV), mitochondrial
(CA-V), and secretory (CA-VI) (1-12). The presence of CA
in mammalian mitochondria was recognized very early (13-
15). From observed effects of CA inhibitors, roles for a CA
in mitochondria have been suggested in gluconeogenesis
(where HCO- is required by pyruvate carboxylase) and in
ureagenesis (where HCO- is required by carbamyl phosphate
synthetase) (16-21).
CAs have been purified from guinea pig and rat liver

mitochondria using inhibitor affinity chromatography (22, 23)
and N-terminal sequence information determined on purified
guinea pig (22) and rat enzymes (24). A murine cDNA, which
appeared to be a candidate to encode the mouse mitochon-
drial CA, was isolated by chance when a mouse liver cDNA
library was screened with a repetitive sequence probe, and a
positive clone was found to have sequence homology to
mammalian CAs and also to predict an N-terminal sequence

resembling a mitochondrial leader peptide (25). When this
murine CA-V candidate cDNA was used to probe a human
liver cDNA library, a full-length human homologue was
isolated which, when expressed in COS cells, produced an
active CA that was targeted to and processed in mitochon-
dria. Further, an antibody to the C-terminal peptide predicted
from the human cDNA sequence reacted with a protein ofthe
expected molecular mass on immunoblots of mitochondria
from human liver (26).

Although the evidence was compelling that the human
homologue of this murine cDNA encoded human CA-V,
tissue distribution of the corresponding murine mRNA was
far more restricted than that reported for rat CA-V (27, 28).
The CA "Y" mRNA was detected only in liver (25), whereas
an antibody believed to be raised against rat CA-V reacted
with an antigen present in many rat tissues in addition to liver,
including myocardium and skeletal muscle (23, 27, 28). To
determine whether the murine CA Y cDNA indeed encodes
a mitochondrial CA activity and to compare the tissue
distribution of the homologous mouse and rat gene products,
we cloned the CA Y cDNA and the homologous rat cDNA.t
In comparing the two cDNA sequences, we discovered an
important correction for the murine cDNA sequence. We
expressed both cDNAs in COS cells and compared the sites
of N-terminal processing in the products they expressed. In
addition, we developed antibodies to the C-terminal peptides
predicted from both cDNA sequences and used these anti-
bodies to identify the products expressed from the cDNAs to
identify mouse and rat CA-Vs in mitochondria isolated from
mouse and rat liver and to compare the distribution ofCA-V
in mouse and rat tissues.

MATERIALS AND METHODS
Isolation and Characterization of cDNA Clones. A mouse

CA-V cDNA was prepared from C57BL total mouse liver
RNA and sequenced as described (29). A rat liver cDNA
library in A-ZAP II vector (Stratagene) was screened by using
the mouse CA-V cDNA as probe (30). The DNA insert in
pBluescript was excised from the A-ZAP II clone. The
cDNAs of mouse and rat were inserted in M13 phage DNA,
and the single-strand DNAs were sequenced by the dideoxy-
nucleotide chain-termination method of Sanger et al. with
deoxyadenosine [y435S]thio]triphosphate (29).

Transfection of COS-7 Cels. The cDNA of mouse or rat
was subcloned into the pCAGGS vector originally described
by Miyazaki et al. (31) and used by Yoshida et al. (32). COS-7
cells in 60-mm dishes were transfected with 15 jug ofDNA per
dish by the DEAE-dextran procedure (33) and chloroquine

Abbreviation: CA, carbonic anhydrase.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. U12268).
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treatment 12 hr after transfection (34). The transfected cells
were harvested by scraping into phosphate-buffered saline 84
hr after transfection and disrupted and lysed by sonication
(three times for 10 sec each) in 25 mM Tris sulfate, pH 7.2/1
mM benzamidine/0.05% Triton X-100.
CA Assay. CA activity was assayed in cell homogenates

according to Maren (35) as described (36). The protein
concentration was determined by the Lowry procedure (37)
with bovine serum albumin as standard.

Puriflcation of Mouse and Rat CA-V from COS Cells
Transfected with cDNA. The COS cells transfected with
CA-V cDNAs of rat or mouse were disrupted and lysed by
sonication in 10 mM Tris sulfate, pH 9/1 mM benzamidine/2
mM phenylmethylsulfonyl fluoride/5 mM iodoacetamide/
0.1% Triton X-100. The clear supernatant after centrifugation
at 40,000 x g for 1 hr was applied to the benzene-sulfonamide
affinity column. Unbound proteins were removed by washing
with 0.2 M Tris sulfate, pH 9, and the bound enzyme was
eluted in 100 mM sodium acetate, pH 5.5/0.5 M sodium
perchlorate, as described (5).

Isolation of Mitochondria from Liver. Mitochondria were
isolated from Dounce homogenates of mouse and rat liver in
the presence of 1 mM phenylmethylsulfonyl fluoride/1 mM
benzamide/5 mM iodoacetamide using discontinuous su-
crose density gradient as described (38). Mitochondrial en-
richment of the fraction was measured by determining activ-
ity ofcytochrome oxidase (39) as a marker for mitochondria.
Immunochemical Methods. Antiserum against the carboxy-

terminal 17-amino acid peptides were produced by injecting
the synthetic C-terminal peptide ofrat CA-V or that ofmouse
CA-V conjugated to porcine thyroglobulin into rabbits in
complete Freund's adjuvant. The animals were boosted 4
weeks later with the same antigens in incomplete Freund's
adjuvant (5). The titer and specificity of the antisera from
rabbits were determined by immunoblots.
Immunoblotn and N-Terminal Amino Acid Sequencing.

SDS/PAGE was done under reducing conditions according
to Laemmli (40). The polypeptides were electrophoretically
transferred to poly(vinylidene difluoride) membrane as de-
scribed (5). The poly(vinylidene difluoride) membranes were
incubated with rabbit antiserum to the C-terminal peptide of
rat or mouse CA-V at 1:5000 dilution followed with goat
anti-rabbit IgG peroxidase conjugate at 1:500 dilution. The
immunoblots were developed with peroxidase activity as
described (41). For N-terminal sequencing, the poly(vinyl-
idene difluoride) membranes were stained with Coomassie
blue to locate the polypeptides. After destaining, pieces of
membrane containing the appropriate polypeptide were an-
alyzed in an Applied Biosystems automatic A77 protein
sequencer (5).

RESULTS
Relsolaton and Characterization ofMouse CA Y cDNA. We

used reverse transcription-PCR to reisolate the murine CA-V
candidate cDNA using primers designed from the published
sequence for CA Y (25) and total RNA from livers of CS7BL
mice. The nucleotide sequence we determined on the cDNA
clone differed from the published sequence (25) in that we
found an extra 3 bp in the coding region. The additional two
guanines and one cytosine in the open reading frame result in
replacement of two amino acids in the published sequence
(phenylalanine and methionine) with three new amino acids
(valine, histidine, and tryptophan) (Fig. 1). The Val-His-Trp
specified by codons 122-124 of the new sequence are found
in nearly all human CAs (26). Evidence that the CA Y cDNA
sequenced is the authentic cDNA for murine CA-V is pro-
vided by sequence comparisons and by expression and
subcellular localization studies described below.

Glu Lou His Lou Phe Not Asn SBr Thr Lys
Mouse CA'Y'

GAG CTC CAT CTG -TT CA- TO-. AAT TCC ACG AA
350 560 570

GAG CTC CAT CTG OTT CAC TOG MAT TCC ACG AM
Mouse CQ V

Glu Lou His Lou Val His Trp Asn Ser Thr Lys
120 125

FIG. 1. Nucleotide sequence difference between the originally
reported and reisolatedCAY cDNA. The differences between nt 560
and 570 of CA Y (25) and the reisolated CA-V candidate cDNA
reported here are boxed. Deduced amino acids are indicated.

Isoation and Characterization of the Rat CA-V CN dae
cDNA. To do parallel studies on the homologous murine and
rat CA-V candidate cDNAs and theirgene products, we used
the murine cDNA to probe a rat liver cDNA library and
isolated the full-length rat cDNA. The sequence of the
1201-bp full-length rat cDNA is given in Fig. 2. It contains a
15-bp 5' untranslated sequence, a 912-bp open reading frame
beginning at the initiation ATG, and a 274-bp 3' untranslated
sequence that contains apolyadenylylation cleavage signal 11
bp upstream of the poly(A) tail.
Comparison of Amino Acid Sequences of Rat, Mouse, and

Human CA-V. Fig. 3 presents the 304-amino acid sequence
predicted from the rat CA-V candidate cDNA and its align-
ment with the recently reported human CA-V and the cor-
rected sequence for mouse CA Y reported here. The rat
sequence shows 85% and 65% similarity, respectively, to the
murine and human sequences. The predicted molecular
weights of the mitochondrial precursors would be 34,070 and
34,479 for mouse and rat CA-V, respectively. The solid
triangle above the rat sequence indicates the proteolytic
cleavage site where both the mouse and rat CAs are pro-
cessed, based on the N-terminal sequences of the respective
mature enzymes expressed in COS cells, determined as
described below. The open triangle below the human se-
quence indicates the previously determined cleavage site in
the human CA-V precursor. Assuming these cleavage sites,
the molecular weights predicted for the mature mouse and rat
CA-Vs would be 30,630 and 30,511, respectively.

Several other features can be noted from the sequence
comparisons. (i) The mouse and rat mature enzymes each
contain 270 amino acids, three more than the mature human
CA-V. (ii) All three enzyme precursors have an arginine
residue two amino acids upstream from the cleavage site (i.e.,
they fit the R-2 rule for cleavage of mitochondrial enzyme
precursors) (42). (iii) Of 16 highly conserved amino acids in
mammalian CAs, 14 (boxed in Fig. 3) are present in all three.
However, all three lack a highly conserved tyrosine (Tyr-7 in
human CA-I), which is replaced by histidine (His-8 in the rat
and mouse sequences) and threonine in human CA-V. All
three sequences also lack an important and highly conserved
histidine (His-64 in human CA-I), which is replaced by
tyrosine in all three CA-Vs. (iv) All three sequences contain
three potential zinc-binding histidines. (v) All three enzymes
have the Val-His-Trp sequence at positions 122-124 (of the
mouse sequence), which, although not present in the se-
quence originally reported for mouse CA Y (Fig. 1), appears
in nearly all human CAs.

Expression ofCA Activity from the CA-V Candidate cDNAs
and N-Terminal Processing of Expressed CA-Vs. Homoge-
nates ofCOS cells transfected with either mouse or ratcDNA
had four to five times the CA activity in COS cells transfected
with vector only (Table 1). The levels of activity expressed
are similar to the level reported in COS cells transfected with
the human CA-V cDNA (26) but only 0.6% the level seen in
cells transfected with the human CA-II cDNA in the same
vector.

Biochemistry: Nagao et al.
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Met Lou Arg Ala Lys Not Lou Gly Arg Gly Pro Tyr Lys Pro Lou Ala -19
CGCCACCACCCCGCC ATG CTC AGA GCC AAG ATG CTC GGG AGA GOC CCC TAC AAG CCC TTA GCC

Io Lou Arg His Met Gly Pro Leu Cys Ala Thr Arg Pro Gln His Trp Arg Pho'Gln His +2
ATC CTC AGG CAC ATG GGA CCT CTC TGT GCC ACA AGG CCA CAG CAC TOG COC TTC CAG CAT

S8r Tyr Ala Glu Lys His Ser Ann Cya Ala Arg His Pro Leu Trp Thr Gly Pro Val 8er 22
TCC TAC GCA GAG AAA CAC AGC AAC TGT GCC CGG CAC CCT CTC TOG ACT GOC CCA GTG TCC

Her Pro Gly Gly Thr Gln Gln Ser Pro Ile A n Ile Gln Trp Thr Amp Her Val Tyr Asp 42
TCA CCG GGA GOC ACC CAG CAG TCT CCC ATT AAT ATC CAG TGG ACG GAT AGT GTC TAT GAC

Pro Ly. Lou Ala Pro Leu Arg Val Ser Tyr Asp Ala Ala Ser Cya Arg Tyr Lou Trp,An 62
CCG AAG CTG GCA CCG CTC AGG GTC TCC TAT GAT GCT GCG TCC TOC AGA TAC CTC TOG AAC

Thr Gly Thr Ph. Ph. Gln Val Glu Phe Asp Asp Ser Cy. Glu Glu Ser Gly Ile Her Gly 82
ACT GOT TAC TTC TTC CAG GTG GAG TTT GAC GAT TCC TGT GAG GAG TCA G0G ATC AhT GOT

Gly Pro Lou Gly Ann His Tyr Arg Leu Lys Gln Ph. Hi. Ph His Trp Gly Ala Tbr Amp 102
0GG CCT CTG GGA AAC CAC TAC AGG CTG AAG CAG TTT CAC TTC CAC TOG GtA OCA ACA GAT

Glu Trp Gly Sor Glu His Met Val Asp Gly Hi. Ala Tyr Pro Ala Glu Lou Ha Lou Va1 122
GAA TGG GGC TCT GAG CAC ATG GTG GAC GGC CAT GCC TAC CCG OCT GAG CTC CAT TTG GTT

Hia Trp Ann Ser MNt Lys Tyr Glu An Tyr Lys Lys Ala Thr Thr Gly Glu Ann Gly Lou 142
CAC TOG AAT TCC ATG AAA TAT GAA AAT TAC AAG AAA GCC ACC ACG 0GG GAG AAT GGa CTG

Ala Val Ile Gly Val Ph. Lou Lys Lou Gly Ala Hi. His Glu Ala Lou Gln Arg Lou Va1 162
GCG GTG ATT GGA GTG TTT CTG AAG CTC GGG GCC CAT CAC GAG GCC CTG CAG AGO CTG OTG

Amp Ile Lou Pro Glu Val Arg Hia Lys Amp Thr Gln Val Thr Not Gly Pro Phe Amp Pro 182
GAC ATC TTG CCG GAA GTA AGA CAC AAG GAC ACA CAG GTG ACC ATO G0G CCC TTT GAC CCT

Sor Cya Lou Lou Pro Ala Cys Arg Asp Tyr Trp Thr Tyr Pro Gly 8-r Lou Thr Thr Pro 202
TCT TGC CTG CTG CCT GCC TGC COG GAT TAC TGG ACC TAC CCT GOC TCC CTC ACC ACC CCA

Pro Lou Ala Glu Ser Va1 Thr Trp Ile Val His Lya Mot Pro Ile Glu Val 8er Pro Ser 222
CCA CTG GCT GAG TCA OTC ACC TGG ATT GTG CAC AAG ATG CCC ATT GAG OTG TCC CCO AGC

Gln Lou Ser Thr Ph. Arg Thr Lou Lou Ph. Ser Gly Arg Gly Glu Asp Glu Glu Val Not 242
CAG CTG TCC ACA TTC CGT ACA CTC TTG TTC TCC G0G CGA GOT GAG GAC GA GAG GTG ATO

Val Asn Asn Pho Arg Pro Lou Gln Pro Lou Arg Gly Arg Ahn Va1 Arg S8r 8er Pho Gln 262
GTG AAC AAC TTC CGC CCG CTC CAA CCA CTC AGG GGC CGC AAC GTT COC TCC TCC TTC CAG

Val Pro Arg Val Gly Thr Lys Ser ***
GTC CCC AGG GTG GGA ACA AAG TCT TGA TCT CT T A G

GG4GTGCGCATTTCCAGGGTGCGhCGC
GUTCAGAGGTCCTGTTCGCC
CCTCTTCTGGTGTOTCTGAAGAGGCCGA CACTOCACTCATATGACA TTAA TTMaTCT??A^

FIG. 2. Nucleotide (lower) and de-
duced amino acid (upper) sequences of
rat CA-V candidate cDNA. The putative
leader sequence is amino acid -34 to -1.
The solid triangle shows the cleavage site
preceding the N-terminal amino acid de-
termined for mature CA-V; the stop
codon is indicated by asterisks. The pu-
tative polyadenylylation signal in the 3'
noncoding region is underlined.

When the mouse and rat CAs expressed in COS cells were rat enzymes (in one-letter code) were QHSXAEEHSNXA
purified by inhibitor affinity chromatography and subjected and QHSYAEKHSNXA, respectively. When compared
to SDS/PAGE, 31- and 30-kDa polypeptides were obtained with Fig. 3, these sequences suggest that the active mouse
(data not shown), which were transferred to membranes and and rat CAs produced in COS cells from the CA-V candidate
directly sequenced. The N-terminal sequences for mouse and cDNAs are, in fact, the mature mouse and rat CA-Vs
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20 40
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60 80
RCAV A P L R V S Y D A A S C R Y L W T G Y F F Q V E F D D S C E E S G I S G G P L
MCAV A P L R VS Y D A A S C R Y L W NT G Y F F Q V E F D D S C E D S G I S G G P L
HCAV K P L R V S Y E A A S C L Y I W T G Y L F Q V E F D D A T E A S G I S G G P L

* * 100 120
RCAV G N H Y R L K F F W G A T D E W G S M V D G H A Y P A L L V H W N
MCAV G N H Y R L K QF HF W G A T D E W G S EHA V D G H T Y P AELH L V H W N
HCAV E N H Y R L K F F W G A V N E G G S T V D G H A Y P A L L V H W N

140 160
RCAV S M K Y E N Y K K A T T G E N G L A V I G V F L K L G A H H E A L Q R L V D I L
MCAV S T K Y E N Y K K A S V G E N G L A V I G V F L K L G A H H Q A L Q K L V D V L
HCAV S V K Y Q N Y K E A V V G E N G L A V I G V F L K L G A H H Q T L Q R L V D I L

180 200
RCAV P E V R H K D T Q V T M G P F D P S C L L P A C R D Y W T P G S L T P L A
MCAV P E V R H K D T Q V A M G P F D P S C L L P A C R D Y W T P G S L T PP L A
HCAV P E I K H K D A R A A M R P F D P S T L L P T C W D Y W T A G S L T P L T

220 240
RCAV E S V T I V H K M P I E V S P S Q L S T F R T L L F S G R G E D E E V M VNN
MCAV E S V T I V Q K T P V E V S P S Q L S T F R T L L F S G R G E E E D V M V NI
HCAV E S V T I I Q K E P V E V A P S Q L S A F R T L L F S A L G E E E K M M V N

260
RCAV F R P L Q P L R G R N V R S S FO V R R V G T K S
MCAV Y R P L Q P L R D R N L R S S F R L D RT K M R-S
HCAV Y R P L Q P L M N R N V W A S F Q A T N E G T R S

FIG. 3. Comparison of amino
acid sequences of candidates for
CA-V from rat (RCAV), mouse
(MCAV), and human (HCAV).
Fourteen amino acid residues
thought to be near the active site
are common to nearly all CAs
(boxed). The proteolytic cleavage
site of rat and mouse CAs are
indicated by solid triangles and
that of human CA-V is indicated
by an open triangle. Arginine res-
idues at -2 positions from the
cleavage sites are circled. Three
potential zinc-binding histidines
are indicated by asterisks. The
C-terminal polypeptides (aa +254
to +270) used for producing anti-
bodies are underlined.
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Table 1. CA activities in homogenates of COS cells transfected
with mouse and rat CA-V cDNAs

CA activity,* unit per
Enzyme mg of cell protein

Vector only 0.04 ± 0.01 (0.03-0.05)
CA-V (mouse) 0.19 ± 0.05 (0.12-0.24)
CA-V (rat) 0.18 ± 0.05 (0.11-0.23)

*CA activities were measured on homogenates from four different
transfections. Numbers in parentheses are the range of CA activ-
ities.

produced by removal of 29- and 34-amino acid mitochondrial
leader sequences, respectively.

Immunological Identification of Expressed CA-Vs. To iden-
tify the expressed CA-Vs immunologically, we prepared
polyclonal antibodies against peptides corresponding to the
17-amino acid C-terminal peptides predicted from the mouse
and rat cDNA sequences (underlined in Fig. 3). Each ofthese
antibodies reacted on immunoblots with proteins expressed
from the respective cDNA but not with proteins from COS
cells transfected with vector only (Fig. 4). The predominant
bands expressed in COS cells transfected with the mouse
cDNA were 33 and 31 kDa, close to the molecular weights
predicted for precursor and mature forms of mouse CA-V.
The predominant polypeptides in COS cells expressing the
rat cDNA were 34 and 30 kDa, again close to the sizes
predicted for precursor and mature forms of rat CA-V.
Immunoloial Identification of CA-Vs in Mouse and Rat

Tissues and in Mitochondria from Mouse and Rat Liver. We
next used the antibodies described above to identify CA-V in
mouse and rat tissues and in mitochondria isolated from
mouse and rat liver. Fig. 5 A and B present immunoblots of
mouse and rat tissues in which the anti-mouse and anti-rat
CA-V peptide antibodies were used as first antibody on the
appropriate blots. In mouse tissues, CA-V immunoreactivity
was detected as a 31-kDa band, which was detected only in
liver of nine tissues examined. In rat tissues, two polypep-
tides of 30 kDa and 28 kDa were detected in six of the nine
tissues. While the signal was most intense in rat liver, CA-V
immunoreactivity was also detected in heart, lung, kidney,
spleen, and intestine; no signal was detected in brain, testes,
or muscle. The relative proportions of 30- and 28-kDa bands
varied in different tissue preparations. The 30-kDa band
predominated in fresh tissue samples, in some ofwhich it was
the only form seen. The 28-kDa band tended to become more
prominent with storage and on freezing and thawing, as the
30-kDa band diminished.
To verify the mitochondrial localization of the immunore-

active CA-V in mouse and rat tissues, mouse and rat livers
were subcellularly fractionated, and the postnuclear super-
natants, cytosol, and mitochondrial fractions were analyzed
by SDS/PAGE and then immunoblotted. Fig. SC shows that
most immunoreactivity seen in postnuclear supernatants
from mouse and rat liver is present in the mitochondria

io se R

1 - - 34
- -30

2)8 --- 28

FIG. 4. Expression of mouse and rat CA-V in COS cells. Soni-
cated cell lysates of COS-7 cells transfected with vector only (lanes
1) and candidate CA-V cDNAs from mouse and rat (lanes 2) were
analyzed by SDS/PAGE followed by immunoblotting. The apparent
molecular masses of the polypeptides are marked in kDa.
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FIG. 5. Immunoblot analyses of CA-V in mouse and rat tissues
and in subcellular fractions from mouse and rat liver. Homogenates
of different tissues from mouse (A) and rat (B) equivalent to 100 /g
of protein were analyzed on SDS/PAGE followed by immunoblot-
ting, using anti-mouse and anti-rat C-terminal peptide antiodies and
peroxidase-conjugated goat anti-IgG. Lanes: 1, brain; 2, heart; 3,
liver; 4, lung; 5, kidney; 6, spleen; 7, intestine; 8, testis; and 9,
muscle. In mouse tissues (A), liver shows a 31-kDa band. Polypep-
tides of 30 and 28 kDa are seen in rat liver and five other rat tissues
(B). (C) Subcellular localization ofCA-V in mouse and rat liver. After
subcellular fractionation of mouse and rat liver, postnuclear super-
natant (PNS), cytosol (Cyto), and mitochondria (Mito) fractions
equivalent to 100 pg of total protein were subjected to SDS/PAGE
and immunoblotting. The apparent molecular masses are indicated in
kDa. No polypeptides larger than mature CA-V were detected in
mouse or rat liver mitochondria.

derived from these postnuclear supernatant fractions. In both
cases, the largest band in mitochondria had the molecular
mass expected for the mature CA-V-i.e., 31 kDa for mouse
and 30 kDa for rat.

DISCUSSION
Our first goal was to establish whether the reported cDNA
called CA Y encodes the murine mitochondrial enzyme
CA-V, as does its human homologue. The murine CA Y
cDNA sequence we isolated encodes three highly conserved
amino acids not predicted from the initially reported se-
quence (25). Whether the additional 3 nt that change the
coding sequence in this way indicate strain variation or errors
in the original sequence is unclear. What is clear is that
expression ofthe cDNA encoding the three highly conserved
amino acids in COS cells produces an active CA which, on
immunostaining (data not shown), was localized to mitochon-
dria. Transfected COS cells contained both the immunore-
active precursor (33 kDa) as well as the mature (31 kDa)
enzyme, although only the 31-kDa enzyme was isolated when
transfected COS cell homogenates were applied to an inhib-
itor affinity column. N-Terminal sequencing of the affinity-
purified enzyme defined the site of proteolytic cleavage and
indicated that a 29-amino acid mitochondrial leader sequence
was removed to produce the 31-kDa mature enzyme. Only
the 31-kDa mature enzyme form was detected in mouse
tissues, and this form was only detected in mouse liver. The
mouse liver enzyme was localized to mitochondria by sub-
cellular fractionation. These studies clearly indicate that the
CA Y cDNA described encodes the murine CA-V. Further-
more, its tissue distribution agrees with that reported for CA
Y mRNA based on RNA blot analyses ofmouse tissues (25).
Although little was known about mouse CA-V when this

work began, there had been several reports on rat CA-V (23,
24, 27, 28), some of which raised questions whether the
correct protein had been identified. One problem was that the
protein identified as rat CA-V on immunoblots had the
molecular mass expected for the mitochondrial precursor (34

Biochemistry: Nagao et al.



Proc. Natl. Acad. Sci. USA 91 (1994)

kDa), rather than that of the mature enzyme (30 kDa). The
second concern was that immunostaining detected this pro-
tein in nearly every tissue examined. To resolve the questions
regarding the identity ofCA-V, we isolated and characterized
the rat homologue of the cDNA for CA Y, which we assumed
would encode rat CA-V. The rat cDNA predicted a 304-
amino acid protein with many features expected of a mito-
chondrial precursor. When expressed in COS cells, it pro-
duced 34- and 30-kDa polypeptides. Only the 30-kDa mature
enzyme was adsorbed to and eluted from an inhibitor affinity
column when the transfected COS cell lysate was applied.
N-Terminal sequencing of the 30-kDa affinity-purified en-
zyme revealed that it was produced by removal ofa 34-amino
acid mitochondrial leader sequence from the 34-kDa precur-
sor. In rat tissues, only 30-kDa and smaller-molecular-mass
species were detected by the anti-CA-V C-terminal peptide
antibody. Immunoreactivity was most abundant in liver, but
it was also seen in five other tissues. The immunoreactivity
in rat liver was localized to mitochondria by subcellular
fractionation. From these studies, we conclude that the rat
homologue of CA Y encodes rat CA-V.

Earlier reports (23, 27, 28) that CA-V is present in rat
tissues as a 34-kDa peptide with a tissue distribution different
from that reported here probably reflect their dependence on
an antibody that misidentified another antigen in rat tissues
as CA-V. Ohlinger et al. (24) recently reported that malate
dehydrogenase (Mr 34,000) copurified with rat CA-V on the
inhibitor affinity column used to purify rat liver CA-V.
Misidentification of malate dehydrogenase as CA-V could
easily account for the anomalously large size of the polypep-
tide (34 kDa instead of 30 kDa) and the different tissue
distribution from that reported here.
We also observed copurification of malate dehydrogenase

with CA-V to various degrees in our affinity-purified prepa-
rations of CA-V. Although we could not use these prepara-
tions to raise CA-V-specific antibodies, we did obtain CA-
V-specific antibodies by immunizing rabbits against the
C-terminal peptides predicted for the mouse and rat CA-V
cDNAs. Whether the copurification ofmalate dehydrogenase
with CA-V simply reflects a measure of nonspecificity of the
affinity chromatography step or indicates that the two en-
zymes are associated in vivo and remain associated on
purification is an interesting question that deserves further
study.
The N-terminal sequence, which we determined on mature

rat CA-V from transfected COS cells, begins 22 amino acids
upstream of the N-terminal sequence reported (24) for the
mitochondrial CA purified from rat liver. Probably the N-ter-
minal sequence reported for rat liver CA-V was from enzyme
that had undergone partial degradation after initial process-
ing. We frequently observed conversion of the 30-kDa mature
CA-V to a 28-kDa form in homogenates of rat tissues (Fig. 4).
Rat and mouse CA-V are both "low activity" CAs (com-

pared with CA-II), as was true for the human and guinea pig
(6) CA-Vs. This lower activity may result from differences in
two amino acids, which are part of the hydrogen bonding
network associated with the zinc ion and which are thought
crucial to the active sites of CA-I and CA-II (10). Tyr-7 is
replaced by histidine in rat and mouse CA-V and by threonine
in human CA-V. His-64 is replaced by tyrosine in all three
CA-Vs. It has been suggested that replacement of His-64 by
lysine in CA-III at least partially explains its relatively low
activity compared with CA-Il (43).
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